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1. Introduction

As the discharge burnup of nuclear fuel increases, fuel
exhibits deformation such as oxidation and hydrogen
embrittlement[1]. To address these phenomena,
regulatory bodies are revising the ECCS acceptance
criteria, which require accounting for the fuel
deformation and the thermal resistance of the CRUD and
oxide layer[2-3]. Consequently, multi-physics analysis
that can consider detailed fuel behavior has become
important.

In a previous study, the subchannel analysis code
CUPID-RV developed by KAERI and the fuel
performance code GIFT developed by SNU were
coupled to enable steady-state analysis considering both
fuel deformation and thermal-hydraulics[4]. However,
this framework did not yet consider the effect of CRUD.

In high burnup reactor environments, a porous
structure of corrosion product known as CRUD is formed
on the fuel cladding surface. This structure acts as a
thermal resistance layer with low thermal conductivity.
However, the porous structure constantly supplies
coolant to the cladding surface by capillary action and
enhances evaporation. Therefore, these competing
phenomena affect heat transfer on CRUD. Also, this
mechanism affects fuel deformation or reactor power as
well. Therefore, the effect of CRUD on heat transfer
should be considered in multi-physics analysis.

This study aims to conduct a comprehensive multi-
physics analysis of the effect of the CRUD deposits. To
achieve this analysis, a CRUD heat transfer model was
implemented into the CUPID-RV code. The simulation
was conducted for a single fuel assembly to evaluate the
effect of the CRUD heat transfer model on fuel condition
using the CUPID-RV/ GIFT coupled code. In addition, a
full-core simulation was conducted to estimate
temperature change by CRUD using the standalone
CUPID-RV code.

2. Methods
In this section, a model describing heat transfer within
CRUD and its application to the CUPID-RV code will be
introduced.

2.1 CRUD heat transfer model

In the high burnup fuel, a porous structure of corrosion
product called CRUD is formed on the cladding surface.

This layer can act as a thermal resistance. However,
when the temperature within CRUD increases, the
enhanced evaporation, known as wick boiling, occurs
within CRUD. In this process, generated vapor evacuates
through large pores called a chimney, while capillary
force supplies coolant to the cladding surface through
small pores. This wick boiling enhances heat transfer
within the CRUD layer and competes with the thermal
resistance effect.

Several CRUD heat transfer models have been
developed to simulate wick boiling phenomena[5-8].
The Yeo model[8] was selected and applied to the
CUPID-RV code. Fig. 1 is a schematic of the heat
transfer mechanism of the Yeo model. In the Yeo model,
the CRUD layer is divided into two regions, the thermal
boundary layer and the wick region. The thermal
boundary layer is the region where evaporation occurs,
and bubble grows. The rest of the region is called the
wick region. The heat is transferred through evaporation
at the cladding surface in the thermal boundary layer and
conduction and convection within the wick region.
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Fig. 1 Schematic of the Yeo model

The Forster-Zuber pool boiling correlation[9] is used
to predict the evaporative heat flux at the thermal
boundary layer, as shown in Eqn. 1. Where qgyqp is the
evaporative heat flux, and T,.,4 is the cladding
temperature. The coefficient ¢, is determined based on
the WALT experimental results[10], as presented in Eqn.
2. Where py is the coolant viscosity, hsg is the latent
heat of the coolant, pf is the coolant density, ¢, is the
coolant heat capacity, o is the surface tension, Tsq, is
the saturation temperature of the coolant, and vy, is the
specific volume difference between saturated liquid and
vapor. kg is the effective thermal conductivity within



CRUD. The CRUD heat transfer model treats the CRUD
layer as a single thermal structure with an effective
thermal conductivity, assuming thermal equilibrium
between the water and the metallic deposit within the
CRUD layer. The effective thermal conductivity of
CRUD is affected by its porosity[5].
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Since the thermal boundary layer is very thin, the
temperature gradient within this region is assumed to be
linear. The temperature distribution inside the thermal
boundary layer is calculated using Eqn. 3. Where q/j4q4
is the heat from the cladding surface, f,, is the areca
fraction of heated surface occupied by the chimneys, and
O67py 1s the thickness of the thermal boundary layer.
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And the temperature distribution within the wick
region is calculated using Eqn. 4. Where u; is the liquid
velocity generated by the capillary force within a porous
structure.
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2.2 Parametric study of the CRUD heat transfer model

A parametric study was conducted to evaluate the
model by varying key geometric parameters of CRUD.
The thermal-hydraulic boundary conditions and the
geometric parameters of CRUD are summarized in Table.
L.

Table. 1 Input conditions for parametric study

Parameters Value
System pressure [MPa] 15.5
Bulk coolant temperature [K] 600
Chimney radius [um] 2.5
Chimney density [#/mm2] 3000
CRUD thickness [um] 50
CRUD porosity [-] 0.5

Fig. 2 and Fig. 3 show the predicted cladding
temperature along the heat flux with various ranges of
the CRUD thickness and porosity.

Fig. 2 shows the effect of CRUD thickness on the
cladding temperature. Higher cladding temperatures
were predicted in a thicker CRUD condition due to the
increased thermal resistance.
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Fig. 2 Effect of the CRUD thickness on cladding temperature

in the CRUD heat transfer model

Fig. 3 shows the effect of the CRUD porosity on the
cladding temperature. Higher cladding temperatures
were predicted in the higher porosity conditions. In a
higher porosity condition, more liquid fraction is formed
in the CRUD layer. Since the liquid has a lower thermal
conductivity than the solid structure, the effective
thermal conductivity of CRUD decreases. This increases
the overall thermal resistance, resulting in a higher
cladding temperature.
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Fig. 3 Effect of the CRUD porosity on cladding temperature
in the CRUD heat transfer model

2.3 Implementation of the CRUD heat transfer model
into the CUPID-RV

The CRUD heat transfer model was implemented into
the CUPID-RYV code to account for the effects of CRUD
on the high burnup fuel surface. The single-phase
convection and nucleate boiling heat transfer models in
the CUPID-RV were replaced with the CRUD heat
transfer model, as shown in Fig. 4. The model was
validated against a boiling experiment on a CRUD
deposited surface.
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Fig. 4 Implementation process of the CRUD heat transfer
model into the CUPID-RV

2.4 Validation of the CRUD heat transfer model

WALT (Westinghouse Advanced Loop Tester)[10] is
an experimental facility used to investigate the CRUD
deposition and its material properties under the
operational conditions of PWRs. Structural, chemical
characteristics, and thermal conductivity of CRUD were
examined.

Although these experiments were primarily designed
to measure the effective thermal conductivity under
single-phase conditions, some experiments exhibited
evaporation that reflected wick boiling effect. The
conditions for these evaporation experiments are detailed
in Table. 2, and the experimental results were used to
validate the CUPID-RV code incorporating the CRUD
heat transfer model.

Table. 2 Experiment condition of the WALT boiling cases

Parameters Case 1 Case 2 Case 3
CRUD thickness [um] 52.75 74.25 65.67
CRUD porosity [-] 0.60 0.63 0.73

Chimney radius [um] 2 4 3
Chimney density
[#/mm2] 1300 570 480
Inlet coolant
temperature [K] 608 600 263
Mass flux [kg/m’s] 2578.4 1633.8 1589.2
Exit pressure [MPa] 15.6 15.5 15.6
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Fig. 5 Validation of the CUPID-RV with the CRUD heat
transfer model against boiling cases of the WALT experiment

Fig. 5 shows the validation of the CUPID-RV code with
the CRUD heat transfer model against boiling cases of

the WALT experiments. Overall, the results showed
good agreement with the experimental data. However,
the cladding temperature for case 2 is underpredicted by
up to 3 K.

In the validation simulation, the effective thermal
conductivity of CRUD proposed by EPRI was used,
which was derived from the average of the WALT
experimental results. Consequently, a discrepancy in
thermal conductivity may exist between the experiment
and the simulation, resulting in underprediction in case 2.

3. Results

3.1 Evaluation of the effect of the CRUD heat transfer
model on fuel deformation

In a previous study, the CUPID-RV/GIFT coupled
code was developed to account for the effect of the fuel
deformation in thermal-hydraulic analysis[4]. In this
study, the CRUD heat transfer model was also
implemented into the CUPID-RV/GIFT coupled code to
evaluate how fuel deformation is affected by the
presence of CRUD.

In the CUPID-RV, the CRUD heat transfer model is
used to calculate the temperature distribution within the
CRUD layer, and GIFT produces the CRUD thickness
data. Coupled variables exchanged between the CUPID-
RV and the GIFT are shown in Fig. 6.
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Fig. 6 Data exchange scheme in the CUPID-RV/GIFT

To analyze the effect of the CRUD heat transfer model
on fuel deformation, a simulation for a hot assembly of
the WBN1 (Watts Bar Nuclear Unit 1) reactor was
performed. The simulation used single cycle power
distribution data calculated by coupled analysis of the
CUPID-RV with the nTER, neutron transport code
developed by KAERI[11]. The CRUD thickness was
modeled as a simple linear function of power and EFPD,
based on the CRUD deposition data calculated by the
BOTANI code[12], a simulation code for the CRUD
deposition and boron accumulation developed by SNU,
as shown in Fig. 8. The geometric parameters of CRUD
and the thermal-hydraulic boundary conditions used in
the analysis are summarized in Table. 3 and Table. 4,
respectively.
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Fig. 7 Schematic of WH type core geometry,
fuel assembly, and mesh information
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Fig. 8 CRUD thickness modeled in the CUPID-RV/GIFT

Table. 3 CRUD geometric parameters used
in hot assembly analysis

Parameters Value
Porosity [-] 0.6
Chimney radius [um] 3
Chimney density [#/mm?] 5000

Table. 4 Thermal-hydraulic boundary conditions
in hot assembly analysis

Parameters Value
System pressure [MPa] 15.5
Inlet coolant temperature [K] 565
Mass flux [kg/m’s] 3535.24

To evaluate the effect of CRUD on heat transfer and
fuel deformation, the cladding temperature and thickness
of the oxide layer were examined, as shown in Fig. 9.

The cladding temperature and oxidation thickness
were compared for the cases with and without CRUD, as
shown in Fig. 10. In the case without CRUD, the
cladding temperature increases along the axial direction
without boiling. In contrast, in the case with CRUD, a
generally higher cladding temperature is observed due to
the thermal resistance effect of CRUD. When the
cladding temperature reaches the saturation temperature,
wick boiling occurs and enhances heat transfer,
subsequently stabilizing the temperature profile.
Consequently, the maximum difference is observed in
the lower regions of the assembly where wick boiling
initiates, as shown in Fig. 11.
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Fig. 9 Simulation result of the CUPID-RV/GIFT coupled code
considering the CRUD heat transfer
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Fig. 10 Property differences between the cases with CRUD
and without CRUD at the EOC
(a) Cladding temperature, (b) Oxidation Thickness

To further analyze the effect of the CRUD heat
transfer model, an analysis was performed on a hot pin at
the EOC. Three simulations were compared, a case
without CRUD, a case with CRUD that acts only as a
thermal resistance without considering wick boiling, and
a case with CRUD considering wick boiling to
investigate the effect of wick boiling.
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Fig. 11 Cladding temperature of the hot pin at the EOC

The simulation results for cladding temperature are
shown in Fig. 11. The presence of CRUD increases the



cladding temperature due to the low effective thermal
conductivity of CRUD around 0.8 W/mK. However, the
magnitude of this temperature rise is significantly
reduced when wick boiling is considered.

A similar trend is observed for the oxidation thickness.
As shown in Fig. 12, the thickness of oxide significantly
increased in the case of CRUD without wick boiling, and
the increase in oxidation thickness is suppressed when
wick boiling is considered.
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Fig. 12 Oxidation thickness of the hot pin at the EOC

3.2 Preliminary simulation for extension to the full core
analysis for the effect of the CRUD heat transfer model

For further analysis, a first cycle simulation of the full
core of the OPR1000 reactor was conducted. Due to the
excessive computational cost of the coupled simulation
with GIFT, the full core analysis was performed using
the standalone CUPID-RV code to investigate the trend
of the effect of CRUD on heat transfer. The power
history of the first cycle of the OPR1000 reactor was
obtained from the simulation results of a CUPID-
RV/MASTER/GIFT full core analysis, a coupled
analysis of thermal-hydraulics, neutron-kinetics, and fuel
performance code[13]. The calculational meshes
information is described in Fig. 13. The geometrical
parameters for CRUD and the thermal-hydraulic
boundary conditions used in the full core analysis were
set to be identical to those for the hot assembly analysis,
as presented in Table. 3 and Table. 4, respectively.
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Fig. 13. Schematic of OPR1000 reactor core geometry,
fuel assembly, and mesh information

The simulation results are presented in Fig. 14, which
compares the cladding temperature for cases without
CRUD and with CRUD and the CRUD heat transfer
model. At the EOC, the cladding temperature increases
by a maximum of 24.3K at the axial center of the core,
where the thickest CRUD layer is formed. However, the
temperature decreased due to wick boiling at the top of
the core. In this region the CRUD deposition is relatively
low. Therefore, the thermal resistance is relatively low.
In contrast, wick boiling enhanced evaporation in the
cladding surface at the top of the core. Between these two
competing effects, the effect of wick boiling was more
dominant, resulting in a lower cladding temperature at
the top of the core.

(c)

Fig 14. Simulation result of cladding temperature
under the condition of (a) w/o CRUD, (b) w CRUD, and
(c) the cladding temperature difference between (a) and (b)

In contrast, in the case without CRUD, boiling did not
occur due to the low bulk temperature. Since the heat
transfer condition does not exceed the net vapor
generation point, heat is transferred through single-phase
convection. However, the CRUD heat transfer model
assumes that coolant reaches thermal equilibrium with
the metallic deposit of CRUD when the coolant is
absorbed into CRUD. Consequently, saturated or
superheated coolant is constantly supplied to the coolant
surface, leading to wick boiling despite the low bulk
coolant temperature. As shown in Fig. 15, evaporation
occurred more actively in the case with CRUD. This
effect should be further analyzed as future work.
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4. Conclusions

In this study, to analyze the effects of CRUD on the
heat transfer and fuel deformation of the high burnup fuel
cladding, the CRUD heat transfer model was
implemented into the CUPID-RV.

A single cycle assembly simulation was conducted,
and it was confirmed that the presence of CRUD leads to
an increase in cladding temperature and a corresponding
growth in the oxide layer thickness.

Furthermore, a single cycle full core simulation was
conducted using the standalone CUPID-RV code. As a
result, a temperature increase at the axial center of the
core was observed, and a temperature decrease in the
upper region was observed as well.

Further validation of the CRUD heat transfer model
under a broader range of pressure conditions and for the
various CRUD deposition scenarios is required.
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